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DSSIGII  OF  A  6  HORSEPOVy-ER  E  GYLILDER 
GASOLffiE  EKGHTE.--    AIR  COOLED. 


The  above  subject  for  a  thesis  was  propossed  for  several 
reasons.     It  was  desired  by  the  Director  of  the  Shop  Laboratories 
to  have  two  engines,  one  v/ater-cooled  and  one  air-cooled,  so  de- 
signed that  all  parts  would  be  the  same  except  the  cylinders. 
\7ith  two  such  engines  it  would  be  possible  to  test  the  relative 
merits  and  efficiences  of  water-cooled  and  air-cooled  types. 
It  was  desired  also  th  have  a  design  of  a  practical,  up  to  date 
engine  which  could  be  made  in  the  shops  by  the  Universit3r  stud- 
ents.    The  design  of  the  water-cooled  tj^e  was  allottsfl  to  one 
student  and  the  air-cooled  to  another,  but  the  other  details  were 
to  be  designed  in  common. 

ARTICLE  I.-  3PECIFIGA!r'I01I3  -  The  following  specifications 
for  the  design  were  given 
T3rpe  of  engine  -  Four  stroke  cycle, 
number  of  cylinders  -  Two  -  Vertical. 
Horsepower  -  Six, 

nominal  Speed  -  600  Revolutions  per  minute. 
Valves  -  Enclosed. 
Oiling  -  Splash  system. 

Water  circulating  puirp  -  centrifugal  type. 

Cylinders  cast  en  bloc. 

Commecting  rod  -  cast  manganese  bronze. 


2. 

ARTICLE  II.-  PISTOl^  DISPLACEI.1MT  -  LEYITI' 3  METHOD.-  The  first 
step  in  the  design  is  to  determine  the  piston  displaoement  neces- 
sary to  Give  the  required  pov/er.    Ho  matter  v/hat  method  is  used  to 
oalGiilate  the  piston  displacement,  sever ^-1  asGiunptions  must  be 
made . 

Using  the  method  given  in  the  "Llodern  Gas  Engine  ;ind  the  G-as 
Producer"  by  Levin,   the  follov/lxig  notation  v/ill  be  used:- 
Ya  -  specific  volume  of  final  charge  after  the  completed  suction 
stroke . 

Vo =  specific  volume  at  standard  pressure  and  temperature. 

To  =  standard  temperature    460      62      52E  abs. 

Ta=4600    860F    546  abs.     See  Levin  p.  126-128. 

H  =  heating  value  in  B.t.u.  per  cu.  ft.  of  gasoline  vapor. 

D  =  suction  displacement  in  cubic  feet  per  minute  rer  brake  horse 

power. 

E  =  theoretical  efficiency  =  1  -      ^  • 

j.n-1 

r  =  compression  ratio. 

n  =  ratio  at  specific  heats  Cp/cy   assumed  1.28 

Efy  =  practical  thermal  efficiency  based  on  indicated  horse  power. 
\/'^o  '  ^o/-^a^  Tg^/TQ=  14.7/13.7  X  546/52S  =  1.12 

The  rather  high  value  of  13.7  lb.  per  sq.  in.  for  the  initial 
pressure  is  taken  because  exceptionally  large  values  are  to  be  used 
in  the  design.    Also  the  piston  speed  v/ill  be  low.    a    vol.  of  air 
required  by  analysis  per  cubic  foot  of  gasoline  vapor      47.14  cu. 
ft.      15fo  excess      7.07  Cu.  ft.      ax      total  vol.  of  air  per  cu. 
ft.     54.21  cu.  ft. 

Then  the  volume  of  the  expanded  normal  charge  containing  one 

cubic  foot  of  gasoline  vapor  is  '7  /Y  {ax+-l)  ~  1.12  x  55.21  = 

a  0 
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61.84  cu.  ft.     The  specific  volume  of  gasoline  vapor  is  given  as 

4.2  ou.  ft.  per  lb.;  and  using  18,500  B.t.u.  per  pound  as  the 

heat  nc  vr.lue  of  gasoline,   the  heating  value  per  cubic  foot  of 

gasoline  vapor  becomes,  18,500/4.E      4,400  B.  t.u.     The  heating 

value  per  cubic  foot  of  expanded  normal  charge  will  be, 

E   _  4,400  _       p  J.  ^  ^. 

V^/V^Cax  +  l)      -rtTsl-  -  ^^-^ 

Assuming  a  compression  ratio  (i.e.  the  ratio  of  total  volume 
of  cylinder  to  the  clearance  volume)  of  4.5  and  mechanical  effici- 
ency of  0.80,   the  suction  displacement  per  minute  per  brake 
horse  power  will  be 

^  _   42.42   42.42   „ 

J)  =  =2.92  cu.  ft.  per 

0.80  xEfy   0.80x  0.255   x  71.2 

*VjY^(a:.r;i) 

min.     Then  3  x  2.92  ><_1728  -  50,5  cubic  irches  ^oiston  dis-ol acement 

300 

for  one  cylinder. 

A  bore  and  stroke  of  3  5/8" x  5"  gives  51.7  cu.  in.     The  ra.e.p. 
will  be  5.4x  0.255x  71.2  =98  lb.  per  sq.  in. 

When  the  cylinder  and  compression  space  v/ere  laid  out  on  thd 
drawing  Loard,  the  compression  ration  v/as  found  to  be  4.47 
Efy  corresponding  to  this  ratio  is  0.216. 
D  =  0. 255/0. 216 X  2.92  =  3.45  cu.  ft.  per  min. 
The  piston  displacement  is  0.255/0.216  x  50.5=59.6  cu.  in. 
■Ihe  m.e.^o.  =  5.4x0.216^71.2    =  83  lb.  per  sq.  in. 
A  bore  and  stroke  of  3  3/4''x  5  3/8"  would  give  59.41  cu.  in. 
piston  displacement. 


GU1I3KER»S  lETHOD.     Suldner  in  his  book  derives  the  following 
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formula  for  the  diameter  of  cylinder  for  gasoline  engines 


H  =  nominal  brake  horse  pov/er  per  cylinder, 
n  =  R.  P.  M.  600 

H  =  heating  valine  per  lb.  gasoline  =  18,500  B.t.u. 
L  =  actual  amount  of  air  required  per  lb.  gasoline. 
S  =  stroke  in  f eet---assumed  when  solving  for  D. 
n,„=: thermal  efficiency  =0.16 
=  volumetric  efficiency  =0.80 

The  nominal  brake  horse  power  II  includes  a  20^^  overload 
capacitor.  The  design  under  consideration  is  to  be  rated  at  its 
maziraum  brake  horse  power.     If  IT  is  made  equal  to  three  then  the 
maximum  B.h.p.  would  be  1.2^3  =  3.6  H.p.     Therefore  the  IT  to 
use  in  the  formula  is  3/5.6X3  =2.5.     The  value  of  L  may  be 
taken  as  15';l  in  exceeds  of  the  theoretical  amount  of  air  or  1.15 
186.    Ylhence  L      214  cubic  feet  per  pound  of  gasoline.  Assuming 


D  =  3.755  inches. 
3=5  inches . 

3  3/4"x  5"  gives  55.225  cu.  in.  piston  displacement.  The 
stroke-bore  ratio  for  this  cylinder  is  5/3.75  =  1.53. 

The  3  3/4"><  5"  cylinder  will  be  u.^jed  although  not  as  conserva- 
tive as  that  of  3  3/4'>  5  3/8"  v/hich  was  obtained  by  using  lev- 
in's meihod,  because  ir  is  desired  to  have  a  small,  light  engine. 
If  necessary?-  the  speed  may  be  increased  somewhat  above  600  R.P.M. 


3  =  5  or  0.416  feet,  n    =  0.80,  and  n^  =  0.16 


5. 

ARTICLE  III.-  Y0LU1,IE  OF  COMxRESSIOK  CIL'iKBER.-  The  volume  of 
the  compression  space  required  to  give  a  compression  ratio  of  4.5 
may  be  obtained  as  in  the  following: - 

Let  Vt  =  total  cylinder  volume  and       =  volume  of  the  comnression 
space.      Then  the  compression  ratio  is  Y^/Y^-t. 

Y-^-Y^  =  piston  displacement. 
V^-Vg=4.5Vj-Vg  =  3.5V5 

The  ratio  of  the  compression  space  or  volume  to  the  piston  dis- 
placement is  v/V-j^-Yg  or  1/3.5  =0.286.  The  required  volume  will 
then  he  0.286x  55.225  =  15.79  cubic  inches. 

The  outline  of  the  compression  space  or  compression  chamber  will 
be  as  shown  in  Fig.  a.     Tl^e  valves  will  be  in  the  head. 


The  volume  of  the 
cylinder  isTrr'^h  -  17.28 
cubic  inches.      The  vol- 
ume occupied  by  the  piston 
when  projecting  l/8  inch 
above  the  bore  is  1.38  cu- 
bic inches.     The  net  com- 
pression volume  is  then  17.28  -  1.38  or  15.9  cubic  inches.  Then 
the  actual  compression  volume  in  percent  of  piston  displacement 

is  1L»9  ^  100  r28.806fa. 
55.225 

ARTICLE  lY.-  PRE33URE-Y0LUIJS  EELATI0II3.-     Tlie  pressure  on 
the  piston  at  several  points  along  the  stroke  must  be  calculated 


6 


for  the  compression  and  expansion  curves  so  that  a  provable  indi^ 

cator  card  may  he  plotted  vlth  the  yalues  obtained. 

Tiie  value  of  n  ,  or  n  for  the  compressiori  curve  will  he  as- 
c 

sumed  1.28,  and  n_  for  the  expansion  curve  will  he  taken  as  1.33 
Some  writers  assume  for  these,   the  values  1.3  and  1.35  respect- 


ively. 


and 
and 
the 


^1  = 

\  = 

Y  = 
2 

^3  = 
^4  = 


■mI.  28 

The  equation  for  the  compression  curve  is  P3_'^*     =  constant, 
for  the  expansion  curve  P^^-j^*      =  constant.    Knowing  the  bore 
stroke  of  the  engine,  the  volrunes  for  different  positions  of 
piston  may  be  easily  figured. 

total  cylinder  volume  =pis ton  displacement + clearance 
compression  volume  =15.905 
Y^-l/5  X  piston  displacement  =  71.15  -11.045  =60.085 


Y^-2/5'<  55.225  =71.13  -  E2.09 
Y-j^-3/5  X  55.225  =71.13  -33.135 
Y^-4/5  X  55.225  =71.13  -44.180 


=  49.040 
=  37.995 
=  26.950 


These  volumes  then  are  the  volumes  included  between  the  piston 
head  and  the  cylinder  head  r/hen  the  piston  is  at  the  relative 
positions  along  its  stroke  as  indicated  in  Fig.  b. 


ARTICLE  Y.-  COiii^RES- 
31033  CUEYS.-    The  pressures 
along  the  conri)reS3ion  curve 
at  these  points  are, 
p,  =  13.7  lb.  per  sq.  in. 
absolute. 


nob 
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1.28 


,1.28 


p_  =  p.  {V_/V        =  13.7(71.15/50.085) 

p  J.         X  u 

P.  :rPJV/V^)^   =13.7(71.13/44.04  )' 

n  1  28 

P    =P  (V  /V  )  =13.7(71.13/37.995) 

^      ^    ^  ,      n  ,  1.28 

P-=P-(V  /Y  )      =13.7(71.15/26.95  ) 

n  1  28 

Pg  r:P^(V^/Vg)  =13.7(71.13/15.905) 

p^  =  13.7  lb.  per  sq.  in.  abs 

log  1.183  =  0.073  mierefore  p^  =  13.7  X  1.E42  17.3 

1.28  2 
0.0935  =1.242    lb.  per  so^q  in.  abs. 

log  1.45     =0.161  Therefore  -r^  =  13.7  *  1.61  =22.1 

1.28 

0.20G  si. 61      lb.  per  so.  in.  abs. 

log  1.872    =0.271  Tlieref ore  p.  =13.7 2.225  =30.5 

1.28  ^ 
0.347  =2.225    lb.  per  sq.  in.  ags. 

log  2.64     =0.421  ITier  ef  ore  p    =  13.7  ^  3.47  =  47.5 

1.28  ^ 


0.54  =3.47  lb.  per  sq.  in.  abs. 

log  4.47     =  0.65  Eierefore  p   =  13.7    6.8  =93.2 
1.28  ^ 

0.832  =  6.8  lb.  per  sq.  in.  abs. 


ARTICLE  YI.-  FRESSimE-!EEl!?EMaTOE  EELATICICS.  -    In  order  to 
calculate  pressures  for  points  on  the  expansion  curve  the  explo- 
sion pressure  must  first  be  determined.     This  pressure  can  only 
be  approximated,  because  there  are  several  conditions  affecting 
it  v/hich  are  not  definitely  Imov-ai.     It  is  true  too  that  the  com- 
pression pressure  con  not  be  determined  accurately  because  the  in- 
let pressure  and  the  value  of  n  mds fc  be  assumed,  but  it  can  be 
more  closely  approximated  than  the  explosion  pressure.  Actual 
tests  have  shown  that  the  maximum  pressures  obtained  are  consid- 


8. 


erably  less  than  the  calculated  thecretic?^l  pressures.  Several 
explanations  for  this  discrepancy  have  been  offeree  but  no  theory 
as  yet  accoimts  for  it  entirely.    In  the  end  it  amounts  to  this, 
that  not  all  of  the  heat  supplied  in  the  charge  of  fuel  is  used 
to  raise  the  temperature  and  pressiire.     The  amouiit  utilized  is 
approximately  one  half  of  the  heat  supplied.      !Chis  value  will  be 
used  in  calculating  the  probable  explosion  termperature  T^. 

Tiie  initial  temperature  of  the  charge  at  the  beginning  of  the 
compression  stroke  must  be  asumed.      This  will  be  in  the  neighbor- 
hood of  100*^  F.      The  specific  heat  of  consts-nt  volume  for  gas- 
oline mixture  will  vary  with  the  different  grades  of  gasoline  and 
v/ith  the  different  mixtures.    P.  E,  Heldt,  in  his  book  "The  Gas- 
oline Automobile",  gives  0.20  as  the  specific  heat.      This  value 
v/ill  be  used. 

0  o 

Starting  v/ith  an  initial  temperature  of  100  F  or  560  abso- 
lute, the  temperature  at  compression  vail  be, 
T^  =  T^(r)^-^  or  T^  = 560( 4.47 )^*^^ 

log  4.47  =  0.65 
0.28 
0.182  H  1.522 

Therefore  T,  =  1.522  x  560  =854°  absolute. 
5 

The  explosion  temperature  or  temper atnjre  at  the  end  of  combus  - 
tion  will  be  the  sum  of  the  temperature  at  compression  plus  the 
increase  in  temperature  due  to  the  heat  of  combustion  of  the 
charge.     The  amount  of  heat  per  lb.  of  gasoline  mixture  is, 
18,500/19  =974  B.t.u.,  using  18  parts  of  air  by  weight  to  oneof 
gasoline.    Letting  T^  represent  the  temperature  after  com.bustion. 
,  n  ^1/2x974    ^3540  ^  24S6°      3290°  absolute. 
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ARTICLE  VII.-  THE  ESPiU^SIOE"  CUR7E.-     The  maximmn  -oressure 

5 

be  obtained  from  the  following  relation  of  presstires  and 

temperatures . 

p'  /p     -  T'  /T    or  p'    =  p 

6     6        6     6          6  6 

X  T'  /T 

6  6 

p'  =  95.2x3290/854   =  559  lb.  per  sc.  in.  abs. 

^^5  =  ^V^5^''-n  =(0.590 

jl.33 

^4  =  ^V\^''-^6     =  ^^-^^^ 

)1,55  ^ 

p!  =(V,/V^F.p'      r(  0.324 

t5         o     o  6 

p'  =(Y  /Y  )^.p'  =(0.2615)^*^^x359 

^2        6'   2       '6  ^ 

p'  =(Y  /Y  )^.p'       =(0.224   )   *  '''x359 
1        6'   1  6 

pj  =  359  lb.  per  sq.  in. abs; 

J-Og 

0.590  =  9.7705-10 
1 .55 
1.695   3  0.496, 

Therefore  p'    =  359  x  0.496  =178 
5 

lb.  per  sq.  in.  abs. 

log 

0.419    =  9.622  -10 
1.35 

1.548    =  0.5145, 

Therefore  p'    =  359  x  0.3145  =  118 

■^4 

lb.  per  sq.  in.  abs. 

log 

0.524    =  9.51-10 
1.55 
1.548  =0.223, 

Therefore  p'   =  359  ^  0.225  =80.2 

3 

lb.  per  sq.  in.  abs. 

log 

0.2615  =  9.417-10 
1 .33 
1.225  =  0.168, 

Therefore  p'   =r  259  x-0.168   =  60.3 

2 

lb.  per  sq.  in.  abs. 

log 

0.224     =  9.35  -10 

1.1555     =  0.1567, 

Therefore  p^  =  359  x  0.1367   =  49.1 
lb.  per  sq.  in.  abs. 

PLATE  I.-  Page  10,  shows 

the  indicator  card. 

10.  /^IAT£  I 


/ND/CATOR  CARD 
/iI.P.=S2  13.  F£R  5dl.  IN. 
COMFRE^S/ON  RR^SS.  -     id.  R£R  SQ.  JN. 
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ARTICLE  YIII.-  THE  CYI.IIi3)EH  WALL.-  For  one  inih  along  the 
axis  of  the  oyllnder,  the  metal  resisting  the  internal  pressure 
is  2t>ci.     The  total  force  tending  to  part 
the  cylinder  is         D  Ih.     If  S  is  the  ten- 
sile stress  in  l1)s.  per  sq.  in.  then 

t 

P  X  D  =  2t  X S,  ?   =  max.  explosion  pressure. 

m  in 

The  maximum  thiclmess  that  could  "be  cast 
without  much  difficulty  v/ould  "be  l/4  inch, 
then  the  tensile  stress  would  he:- 
344  X  3  75 

^  ~    2  X  C  25    ~  ^^^^  lbs.  per  sq.  in.,  v/hich  is  a  safe  value  for 


cast  iron. 


ARTICLE  IX.-  TES  COOLniG  FLalHGES.-  In  order  to  have  the  out- 
side dia.meters  of  the  water-cooled  and  air-cooled  cylinders  the 
same,  the  cooling  fltinges  on  the  air-cooled  cylinder  v/ill  be  lim- 
ited to  a  radial  depth  of  9/l6  of  an  inch,  or  the  outside  diameter 
of  the  flanges  v/ill  be  5  3/8  inches.     The  spacing  will  be  5/l6  of 
an  inch  center  to  center. 


ARTICLE  X.-  THE  Y^xLVES.-  Locating  the  valves  in  the  cylinder 
head  allows  room  for  valves  13/4  inches  in  diam.eter,  v'ith  a 
clear  diameter  of  1  l/2  ".     'H-ie  lift  v/ill  be  made  3/8"  and  the 
angle  of  valve  seat  45°. 


ARTICLE  ZI.-  VALVE  TIMIITG.-  The  tim.ing  of  the  valves  is  as 
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f  ollov/s :  - 

Inlet  valve  opens  6°  after  top  dead  center. 
Inlet  valve  closes  16^  after  uottom  dead  center. 

0 

Total  openir.g  of  inlet    =190  degrees  of  crank  motion. 
Exhaust  valve  opens  34°  before  bottom  dead  center. 
Exliaust  valve  oloses  6°  after  top  dead  center. 
Total  opening  of  exliaust  =220  degrees  of  crank  motion. 
Figure  7  is  the  timing  diagram.   


r/aT 


ARTICLE  XII.-  VELOCITY  OF  EXHAUST  GAS.-  Figure  6  shows  the 
exhaust  valve  and  seat  v.lth  the  vnlve  full  open.     The  area  under 
the  valve  is  the  area  of  the  conical  surface  having  AB  as  a  length 
and  1  5/8  inches  as  a  mean  diameter.     Then  the  total  area  under 
the  valve  is  1.625/7^9/52    =1.435  square  inches. 
Area  of  3/8"  stem  =0.111  square  inches. 

ITet  area    of  opening  =1.324  square  inches. 

At  600  E.P.M.  the  average  piston  speed  is  500  feet  per  minute. 
The  approximate  average  velocit;^'-  of  the  exhaust  gas 

"^g  ~    60  ^  iTSsl    =69  .5  feet  per  second  or  4170  feet  per  minute. 
This  lov7  velocity  is  the  result  of  using  a  large  exhaust  valve. 
It  reduces  considerably  the  "back  pressure  due  to  the  exhaust.  The 
exhaust  passage  from  each  cylinder  will  be  made  1  l/2  inches  in 
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diameter.  This  size  gives  an  area  som.ev/hat  greater  than  the  area 
of"  valve  opening. 


ARTICLE  XIII.-  'IHE  PISTOII  PIU.-  'Ihe  piston  pin  may  he  design- 
ed for  the  allov/aule  maximum  hearing  pressure  and  oheoked  hv  cal- 
culating the  bending  and  shearing  stresses.  An  average  value  for 
the  maximum  bearing  pressure  on  the  piston  pin  in  small  light  en- 
gines v/ould  be  S4-00  pounds  per  square  inch.  Lower  pressures  are 
used  for  heavier  engines. 

In  this  design  it  is  desirable  to  keep  the  bearing  pressure 
low  because  splasli  oiling  will  be  used.     The  maximum  bearing 
pressure  will  then  be  taken  as  1800  pounds  per  square  inch  of  pro- 
jected area  of  the  pin.     'ihe  maximum  load  on  the  pin  v/ill  be, 
D^/4x  544,  and  the  length  of  pin  bearing  v/ill  be  taken  as  D/2. 

Kien  the  diameter  d    will  be  7rD/4  x  544  _  11.045      544^  dQ=:l.l?.7. 

,  °  1800XD/S       1800  >^  1.875  ' 

inches  or  1  1/8  inches. 

In  calculating  the  bending  stress,  the  pin  is  considered  as 
a  beam  uniformly  loaded.  The  bending  moment  is  P-^/8.  Tlie  re- 
sisting moment  for  a  hollov/  pin  when  subjected  to  bending  is, 

d4  -  d4 

^SE^^^d  •  ■^■^  ^''^icli        is  the  outside  diameter  of  the  pin,  dj; 

0  ' 

the  inside  di)»Tneter,  and  S  the  stress  in  pounds  per  square  inch. 

5211^  -  4  X  5800  ^  1. 87_5 

87T 


Then  the  stress  is:  S=    (^4  ,4 

'    0  i 


^0 


'T  , fl."6  -  0.585^ 


{do=  1  1/8  inch) 
(  ) 
(di  =     7/8  inch) 

S  =  8940  pounds  per  square  inch,  which  is  considerable  lower 
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than  is  used  in  most  designs. 

The  shearing  stress,   S„  vd.ll  be 

s 

-        5800  5800  

^    ~  ^2      "2(0.994  -  0,60132) 

S_,  =  4840  pounds  per  square  inch. 

The  hollow  pin  of  1  l/8  inch  d^,  and  7/8  inch  dj.    is  lighter  than 
a  solid  pin  3/4  inches  in  diameter.     The  cross  sectional  area  of 
the  pin  is  0.3927  square  inches.     The  v/eight  is  3.5  x  0.3927x  0.28 
=  0.384  poimds. 


ARTICLE  XIY.-  TEE  PISTOE.-  The  design  of  the  piston  is  pureljr 
empirical.     To  allow  for  heat  expansion  the  pro.ctice  is  to  use  2 
thousandths  of  ejo.  inch  per  inch  of  cylinder  di  '.meter  at  the  head 
of  the  piston  and  l/2  thousandth  at  the  "bottom  end.     Then  the 
diameter  at  the  top  v/ill  be  dj^  =  0.998><  3.75  =  3.742  inches. 


Diameter  at  open  end  d. 
Assuming  the  length  of  piston 
1.25  D,  L=4  3/4  inches.  From 
the  dimensions  of  the  pic ton, 
Fig.  c,  the  calculated  weight 
v/as  found  to  bo  3.823  pounds. 


ARTICLE  XV.-  THE  PISTOE 
RI1I&3.-  The  \7idth  of  ring  is 
usually  made  D/ZO.     Y/ith  this, 
V/  becomes  3.75/20  =0.1875  or 


=  0.9995  >^  3.75  =  3.748  inches 


■oho 
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3/16  inch.     Helcit,  in  his  "Gasoline  Automobile"  Vol.  I.  derives 
D/2V.5  for  the  raaxiKium  thioloiess  of  the  ring  opposite  the  out  and 
takes  D/27.5  as  the  thioliness  at  the  cut.     'Then  the  outside  dia- 
meter      =  13/27.5  i-  3_^Q27         Making  an  allowance  of  0.008D 
"  2 

for  grinding  the  ring  "blank  should  "be  turned  1 .0S5Doutside  and 
D  -  0.027D  or  C.97S  D  inside  diameter.     'IT-iese  dimensions  are  then, 
1.055^  3.75  =3.881  inches  oiitside  diameter  of  the  hlanli,  0.975a 
3.75  =  3.649  inches  inside  diameter  of  hlank,  and  1.027x  3.75  = 
3.851  inches,   the  outside  diameter  of  the  finished  ring.  The 
amount  to  he  ant  out  of  the  ring  on  the  circumference  r;ill  be 
3 .1416  X (3 .851  -  3.75)  plus  the  clearance,   or  C.3173  inches+clear- 
ance.    Ilaking  the  cut  at  45°,   the  v/idth  will  be  0.707  x  c.3173  + 
clearance  =  C.2243  -hclearr^nce .     The  cut  v.'ill  be  made  l/4  inch  wide 
at  on  angle  of  45^  which  leaves  a  clearance  of  0.0257/0.707= 
0.364  inches  along  the  circumference  to  allow  for  heat  expansion. 
The  thickness  opposite  the  cut  is  3.75/55  or  0.068  inches. 


ARTICIE  ZYI.-  TEE  COimECTIlTG  ROD.-  The  connecting  rod  ms  laid 
out  on  the  drav/ing  board  rncl  the  section  proportioned  empirically. 


The  mid  section  is  shovm  in  Fig.  I. 


The 


rod  is  considered  as  a  column  with  one  end 
fixed  and  one  round  as  it  is  between  the 
cases  of  both  ends  fixed  or  both  ends  round. 
Eankine' s  formula  for  colunns  is 
S  =r  ?/a(l  +  0(  l/r  )^  )  in  which  S  is  the  stress 
in  pounds  per  square  inch,  P  the  total  pres- 
sure or  load  on  the  rod  at  its  middle,  0  a 
constant  depending  on  the  material  used  -nd  the  condition  of  the 
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ends,  and  fl/r)  the  ratio  of  the  length  of  rod  to  the  least  radius 
of  gyration* 

The  dimensions  of  the  section  are  as  follows :- 
area  =0.358  square  inches. 

b  =  0.688  inches 

d   -1.188  inches 

t    =0.188  inches 

n  =  0 .156  inches 

h   =0.875  inches 

Tlie  moment  of  inertia  about  the  Z  -  X  axis  I^^-  =  Bnb^  +  ht'^/lS, 
and  about  the  Y  -  Y  axis  I    =  bd^-h^( b-t  )/l2 .     The  radius  of 


gyration  r  =  yl/a.     Substituting  the  dimensions  given,  becomes 
0.00893  and  r^  =  0.158.     Also  fl/r)^  becomes      4850.     The  constant 

for  \7r ought  iron  with  one  end  fixed  and  one  end  round  is 
given  by  I'erriman  as  0.0000542.     The  total  pressure  at  the  time 
of  explosian  is  11.045  X344  =  3800  pounds.      Then  the  stress 
38  00 

S;^ ~  0.^58^  H-  0  .  0000542  >  4850  )   =  13,400  pounds  per  square  inch. 

Substituting  in  the  expression  for  ly  the  given  value, 

ly  =  0.003  and  r^  becomes^  70.093/0.356  =  0.51.     Then  (l/r)^ 

465  and  3y=  3800/0.358( 1 + 0.0000542 x 465 )  =11, 600  pounds  per  sq.  in 

VAien  the  whipping  effect  of  the  connecting  rod  is  the  greatest 
the  load  on  the  rod  due  to  the  pressure  on  the  piston  is  much 
decreased  and  calculations  shov/  that  the  combined  stress  due  to 
the  whipping  and  the  load  on  tlie  rod,  is  less  than  the  stress 
calculated  for  the  pressure  alone  when  it  is  a  maximum  at  dead 
center. 

Kie  weight  of  the  rod  was  estimated  or  calculated  from  the  di- 
mensions to  be  4.058  pounds.     Tlie  distp.nce,  d  from  the  center  of 
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the  oraiik  pin  to  the  center  of  gravity  of  the  rod  was  S.C45  inches. 

ARTICLE  XVII.-  THE  HTERTIA  FORCES.-    The  horizontal  inertia 
forces  are  made  up  of  two  parts,  t]ie  force  required  to  acceler- 
ate the  piston  and  the  force  requirea  to  accelerate  the  connect- 
ing rod.      The  acceleration  of  the  piston  pin  or  the  small  end  of 
the  connecting  rod  is  v^/r(oosO    r/lcos  SO),  in  \^hich  v  is  the 
velocity  of  the  crank  pin  in  feet  per  secoi:d,  r  is  the  length  of 
crank,  and  0  the  crank  angle.     The  derivation  of  this  expression 
can  he  found  in  many  tests  so  no  time  v/ill  be  given  for  that  here. 
Tlie  radial  acceleration  of  the  crank  pin  is  v^/r  and  the  hori- 


zontal component  is  v  /r  cos  0.     The  accelerations  are  shown  as 
vectors  in  Fig.  2.    By  inspection  of  the  figure  it  can  he  seen 
that  the  acceleration  of  the  center  of  gravity  G  is  represented 
hy  the  vector  GrE  and  GS    v^/r{cosO    dr/l^cos  20).     The  horizontal 
force  necessaty  to  give  the  connecting  rod  this  acceleration  is 
then  W^/g    v^/r{cosO  dr/l^cos20).  V/^  being  the  weight  of  the  con- 
necting rod  and  g  the  acceleration  due  to  gravity.     Tliis  force  and 
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the  inertia  forces  are  identical. 

'Hie  horizontal  force  necessary/  to  accelerate  the  piston  is 
Wp/gx  v2y/j.{Qose+ r/lcos2e) .      This  is  eq^ual  to  the  horizontal  in- 
ertia force  for  the  piston.     Tlie  total  inertia  force  is  the  sura  of 
the  two.     letting  F  represent  the  inertia  force  per  square  inch  of 
the  piston  due  to  the  piston,  and  F'   the  inertia  force  per  square 
inch  due  to  the  connecting  rod,  the  F  heeoraes 

^i38LilIl^(oos6tr/loos26),  and  "  oose ^ ar/loosSe ) . 

32.2  x0.2083  32.2  ^0.2083  ^ 

The  inertia  forces  per  square  inch  of  piston  for  the  different 

crank  angles  are  shown  in  Table  I.     These  were  calculated  for  a 

speed  of  600  E.P.M. ,  which  is  normal  speed. 


Tlie  forces  for  each  stroke 


TABir  I. 


of  the  cycle  are  shov^n  plotted 

e 

F 

F  +F' 

0 

11.90 

9  .96 

21.86 

in  a  curve.  Fig.  3  on  Plate  II, 

30 

9.52 

8.41 

17.93 

60 

5.75 

4.39 

8.14 

Page  19 . 

90 

-2.21 

-0.59 

-  2.80 

120 

-5.96 

-4.98 

-10.94 

Figure  3  on  :?late  II,  Page 

150 

-7.51 

-7.81 

-15.12 

180 

-5.51 

-9.07 

-16.58 

19,  shows  the  gas  pressure  and 

150 

-7.31 

-7.81 

-15.12 

120 

-5.96 

-4.98 

-10.94 

inertia  forces  for  one  cylinder 

90 

-2.21 

-0.59 

-  2.80 

60 

3.75 

4.59 

8.14 

thru  a  complete  C3-cle  of  four 

30 

9  .52 

8.41 

17.95 

0 

11.90 

0.96 

21.86 

strokes  or  t?/o  revolutions  of 
the  crank.      The  net  force  in  pounds  per  square  inch  acting  on 
the  piston  is  obtained  from  the  resultant  curves  in  each  stroke. 
Multiplying  the  net  force  on  the  piston  for  each  15°  of  the  crank 
travel  by  the  piston  area  gives  the  total  force  Pj^.     These  are 
shorn  in  Table  II,  Page  21. 

ARTICLE  XYIII.-  TURIIHilG  MOliECJT.-  Figure  4  on  Plate  II,  Page  20 
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shows  the  turning  moment  curves,  v/hich  were  plotted  from  the 
values  sho\m  in  lable  II.     [Che  turning  moment  for  any  crank  angle 
C  is  the  product  of  the  tangential  force  by  the  crank  length  in 
feet.     The  tangential  force  is  the  tangential  component  of  the 
total  thrust  Q  transmitted  thru  the  connecting  rod  to  the  crank 
pin.     The  thrust  Ci  is  the  resultant  of       and  I ^  ,  the  pressure  on 
the  piston  and  the 
guide  pressure.  It 
will  be  accurate 
enough  to  assume 


Q  =  Pr  .     Tlie  tan- 
gential factor  mul- 
tiplyed  by  the  pres- 
sure     gives  tlie  tan- 
gential force. 

The  followir.g  table  shows  the  total  net  pressure  on  the  pis- 
ton,      ;  tlie  tangential  factor;  the  tangential  force;  and  the 
turning  moment. 

The  expression  for  the  tangential  factor  is, 

f    .            ,        sin^cose  ) 
3in^+  r/1 — ;; — ~-~p  g—  . 

The  derivation  of  this  may  be  found  in  tests  on  gas  engine  design 
and  V7ill  not  be  derived  here.      Tlie  tangential  force  is 


P«  ^sin^-^  r/1 
The  turning  moment  is 


sin0cos6*  ) 


l-(r/l)2sin2  )* 


(       ^      I        sin^cose  _y__ 


EO, 


FLATEII. 


^  (\]  (Nj  V  .  I 
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6  =  orank  angle . 

?  =  total  net  foroe  in  poimds. 

r/l=  ratio  of  orank  length  to  connecting  rod  length. 


TABLE  II. 


P 

Tang . 

Turn- 

e 

P 

Tang .     Tang . 
Factor  Force 

Turn- 

lb. 

Factor 

Force 

ing  LI. 

lb. 

ing  IT. 

lb. 

Ft. -lb. 

P  rv  1 1 VI  o 
X  U  cLlI  U.  o 

Ft. -lb  . 

0 

3800 

0. 

0 

0 

c 

0 

C) 

r 

15 

3250 

0.3157 

1025 

214 

15 

-232 

—     1  %J  »  (J 

-15.3 

30 

2485 

0.5992 

149  0 

310 

30 

-205 

0. 5992 

-12?  fi 

-25.6 

45 

1825 

0.8220 

1500 

312.5 

45 

-155 

0 . 8220 

-127  3 

-26.6 

60 

1370 

0.9664 

1324 

276 

60 

-  94 

0  9664 

-  90  8 

-18.9 

75 

1060 

1.0447 

1108 

231 

75 

-  2G 

1  0447 

-  6.1 

90 

840 

1.0000 

840 

175 

90 

3? 

1  0000 

33 

6.9 

105 

706 

0.8071 

626 

130 

105 

83 

G  8871 

7'5  ^ 

15.3 

120 

629 

0.7656 

481 

100.2 

120 

127 

0.7656 

97  2 

20.2 

135 

590 

0.5922 

349 

72.7 

135 

160 

0. 5922 

94  .8 

19.7 

150 

486 

0.4008 

19  5 

40.5 

150 

171 

0.4008 

68.5 

14.5 

165 

332 

0.2019 

67 

14 

165 

177 

0.2019 

35.7 

7.5 

180 

0 

0. 

0 

0 

180 

0 

0. 

0. 

0. 

165 

-210 

0.2019 

42. 

4-  8.8 

165 

-166 

0.2019 

-  33  .5 

-  7. 

150 

-177 

0.4008 

71 

-14.8 

150 

-177 

0.4L.08 

-  71 

-14.8 

135 

-155 

0.5922 

91. 

8-19.1 

135 

-155 

0.5922 

-  91.8 

-19.1 

120 

-127 

0.7656 

-97. 

-20.2 

120 

-155 

0.7656 

-118.7 

-24.7 

105 

-  83 

0.8871 

-73.5-15,3 

105 

-138 

0.8871 

-122.2 

-25.5 

90 

-  33 

1.0000 

-33 

-  6.9 

90 

-127 

1.0000 

-127 

-26.4 

75 

28 

1.0447 

29  . 

3  6.1 

75 

-133 

l.ui47 

-139 

-28.9 

60 

94 

0.9664 

91 

19 

60 

-177 

0.9664 

-171 

-35.6 

45 

155 

0.8220 

127  . 

26.4 

45 

-265 

0.8220 

-218 

-45.4 

30 

205 

0.5992 

123 

25.6 

30 

-409 

0.5992 

-245 

-51 

15 

232 

0.3157 

73 

15.2 

15 

-553 

0.3157 

►-174.5 

-35.4 

0 

0. 

0 

0 

0 

-320 

0. 

0. 

0. 
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ARTICLE  XIX,-    THE  GRMESHj"LFT. -  The  maximum  load  corr.es  on  the 
orankshaft  at  starting.     V/heii  r'onning,  the  maximum  pressure  on  the 
piston  is  reduced  by  the  inertia  forces.      In  considering  tending 
stresses  in  the  crankshaft  the  point  of  support  is  assuraed  to  "be 
1/2  inch  inside  of  the  edge  of  the  bearing  and  not  at  the  center 
of  the  journal.     Tliese  points  are  shovra  in  Fig.  6  at  E  and  F. 

Eie  reactions  due  to  the  pressure  on  the  piston  v.hen  the 
crank  is  on  the  upper  dead  center  are: 
3800^  7.5 


Hi 


pounds  and 


_  8800  A  2.75  _ 


=  1020 


10.25 

pounds » 

The  bending  moments 

are :  - 

=  2780  x  1.0625  =2980  inch  pounds, 
11^  ^  2780  ^  2.75     =7650  inch  poimds, 

=  1020  >  5.625   =5740  inch  pounds, 

=  1020^^  2.75     =2800  inch  poimds. 
Tlie  bending  stresses  are  obtained  as.  follows :- 
llj^  =  bd'Y^  ^  S^,  in  which  bd  /6  x  Sj^=  resisting  moment  at 
section  A' A' . 


/70.6 


2980  =  bd^/6  x      =  xS 


'A 


S^=  8420  pounds  per  square  inch. 


d  =1.75  inches. 


=^  71d^/32  X.  ; 

7650  =  ^'^^  5.55 

32  S 

=  14,550  pounds  per  square  inch. 


E3. 

c  '  c  6  0 

5740  =  0,554x3^ 

S  =10,350  pomids  "oer  souare  inch.     The  section  resistirig  the 
c 

h ending  moment,  H  ,   is  section  c'c'   shov.Tt  in  Fig.  6  . 

c 

M  =il£  ^  S^;     d  =  1.75  inches. 

3.14X  5.55  ^  „ 
£800  =   X 

S^— 5340  pounds  per  square  inch. 

The  shearing  stress  at  G-,  next  to  the  crank  arm,  due  to  the 

3800 
— rr— - 

7id'74 

shearing  stress  becomes  15,750  pounds  per  square  inch. 


load  on  the  cran2c  pin  is       =    §     .    V/ith  d  —1.75  inches  the  s 


Ihe  maximum  turning  moment  as  shov/n  in  Fig.  4  Plate  II  is  295 

foot-pounds  or  3540  inc?x  pounds.      This  torque  must  be  resisted 

by  the  crank  shaft.        The  resisting  moment  of  a  solid  shaft  v/hen 

subjected  to  twisting  is7id^/l6  x  3  .     The^d'^/lG  >^  S    =  3540  inch- 

pounds  torque.      V/ith  d'=1.75  inches,   the  shearing  stress  in  the 

shaft  is  S    =    3540  ^  16 — =3370  pounds  iDer  square  inch.  Tliis 
^  3.14;<5.35 

maximum  stress  occurs  v/hen  the  crank  is  about  55°  past  dead  center 

Tiie  bending  stress  in  the  sh-ift  due  to  the  weight  of  the  fly- 
wheel, about  100  pounds,  is  negligible.  The  effect  of  t]ie  over- 
hanging flywheel  on  the  crank  pins  is  to  decrease  the  bending  mo- 
ments at  these  points.  The  actual  bending  stresses  in  the  crank 
pins  then  are  smaller  than  shown  by  the  calculated  stresses.-.. 

The  allowable  maximum  pressure  on  the  main  jo'^^rnal  is  400  to 
550  pounds  per  square  inch  of  projected  area.     Tlie  maximum  load 
on  the  journal  is  the  reaction  or  2780  pounds.     The  diameter  of 
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the  journal  is  1.75.    Using  a  length  of  journal  equal  to  2d,  the 
"bearing  area  is  6.125  square  inches  and  the  maximum    hearing  pres- 
sure is  456  pounds  per  square  inoh.     The  weight  of  the  flirvfheel^ 
approximately  100  pounds,  v/ill  have  very  little  effect  on  the 
maximum  bearing  pressure. 

ARTICLE  XK.-  TE3  FLYV/HSZL.-  A  speed  regulation  of  4  percent 
v/ill  be  close  enough  for  the  engine  under  consideration.  TJie 
normal  speed  is  600  revolutions  per  minute  or  IC  revolutions  per 
second.    V/ith  4  percent  regulation  the  speed  would  vary  from  9.8 
to  10.2  revolutions  per  second,  2  percent  above  and  2  percent 
"below  normal  speed. 

It  was  determined  from  the  drawing  that  the  flyv/heel  diameter 
could  not  exceed  15  inches.  Assuming  2  inches  as  a  depth  of  rim, 
the  mean  diameter  of  the  rim  is  15  inches. 

The  maximiim  velocity/  of  the  center  of  the  whell  rim  is 

Y        =  10.2 7T >  15  ^.'^^ ^7  feet  T:ier  second,  9nd  the  minimum  velocity 
max .  ,  „  " 

12 

is  Y  .    -  9»8^  >f   15  -33.35  feet  per  second.     The  kinetic  energy 
.      »iin.  12 

in  foot-pounds  given  up  by  the  flywheel  by  a  reduction  in  speed 

is  equal  to  V//2g{Y^    —  By  integrating  with  a  T^lanimeter 

max.      mm.  ) 

the  turning  moment  curve  sho?m  on  Plate  II,  page  19,  it  was  found 
that  the  mean  turning  moment  for  a  complete  cycle  of  two  revolu- 
tions wa;3  78  foot-pounds  and  that  the  excess  over  the  mean  (area 
ABC  plus  -Irea  A'B'C)  was  208  foot-pounds.  Then  104  foot-pounds 
energy  must  be  absorbed  jnd  given  up  each  revolution  by  the  fly- 
.v/heel  as  its  speed  increases  and  decreases.  Then 


25. 

104  =V//2g(V^    -—  ),  in  v/hieh  V/  is  the  weight  of  the  flyv/heel 

max .      min . 

rim  :'.nd  g  the  acceleration  due  to  gravity.     Substituting  known 
values  in  the  equation,  ^  = 104  x 64.4/93  =.72  pounds. 

The  area  included  between  the  outside  and  inside  diameters 
of  the  rim  is  81.7  square  inches.     The  v/eight  of  the  rim  may  be 
expressed  as  81.7^  f  aC.26,  in  v.hich  f  is  tlie  face  of  the  rim  in 
inches  .nd  0.26  the  ?/eight  of  cast  iron  per  cubic  inch.  Then 
fx  81.7x0.26  =72  and  f=3.59  inches.     leaking  the  face  equal  to 
3  1/2  inclies  the  v/eight  of  the  rim  becomes  74  pounds. 

ilETICLE  XXI.-  THE  GOYERlTOx^.-     The  engine  will  be  throttled 
governed.     The  throttle  lever  on  the  carburetor  will  be  operated 
thru  links  connected  to  a  sliding  collar  on  the  crankshaft. 
Tliis  collar  will  be  moved  forward  and  backward  on  the  shaft  by 
bell-cranks  connected  to  the  fly-balls  smd  pivoted  on  tlie  fly- 
v/heel.     By  adjusting  the  tension  in  the  springs  connecting  the 
two  fly-balls,  the  governor  may  be  made  to  act  at  the  desired 
rotative  speed. 


